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Abstract

Although a great deal is known about neurobiological mechanisms of initial conditioning and
extinction, relatively little is known about mechanisms involved in the return of behavior following
extinction. Here, we examine the effects of temporarily inactivating the bed nucleus of the stria
terminalis (BNST) on initial conditioning and post-extinction reconditioning. We investigate
effects in unsignaled contextual fear conditioning, in which animals initially receive strong
contextual conditioning, followed by three sessions of nonreinforced context exposure
(extinction), and then receive a single context-shock reconditioning trial. In two experiments with
male Long Evans rats, we evaluated the effects of delivery of a muscimol/baclofen cocktail to the
BNST prior to initial conditioning or reconditioning. In Experiment 1, we find that a single
context-shock pairing results in more freezing following extinction than when it is the initial
conditioning trial. This rapid reconditioning effect was impaired by BNST inactivation. In
Experiment 2, we find that BNST inactivation also causes a deficit in freezing after strong initial
conditioning. These findings suggest that the BNST is involved in both initial conditioning and
post-extinction reconditioning. We discuss implications of these findings for current thinking
about BNST function in learning and memory processes.
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Many studies have found that nonreinforced exposure to a previously conditioned stimulus
(CS) attenuates conditioned responding. This extinction effect suppresses the original
association between a CS and an unconditioned stimulus (US) but leaves that association
intact. Among the evidence for this is that conditioned responding re-emerges after
extinction following a conditioning trial that on its own does not result in strong
conditioning. This rapid reacquisition effect is pervasive and has been shown in a number of
Pavlovian and operant procedures (e.g., Leung, Bailey, Laurent, & Westbrook, 2007; Perry
& McNally, 2012; reviewed in Lattal & Lattal, 2012). In contrast to other post-extinction
unmasking procedures (including spontaneous recovery, contextual renewal, and
reinstatement), rapid reconditioning involves a re-pairing of the original associative
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contingences, which allows for a more direct comparison between the mechanisms of initial
conditioning and the post-extinction return of behavior.

At a behavioral level, rapid reacquisition of context-evoked fear in rats occurs after few or
many extinction sessions and results from the re-emergence of a specific context-shock
association (Williams, Kim, & Lattal, 2019). Although a great deal is known about the
behavioral mechanisms that underlie post-extinction reacquisition, including situations that
may lead to slowed reacquisition, comparatively little is known about the neurobiology that
underlies these effects.

There are multiple brain regions that may be involved and several studies suggest that the
anterior region of the bed nucleus of the stria terminalis (BNST) may play an important role
in processes like post-extinction reconditioning (e.g., Goode & Maren, 2017). The BNST is
a member of the extended amygdala and shares similar connections and neuroanatomical
makeup with the central nucleus of the amygdala (CeA; Alheid & Heimer, 1988; Alheid,
DeOlmos, & Beltramino, 1995). One idea about the role of the BNST in conditioning is that
it is particularly important for conditioning of sustained anxiety to long-duration cues, such
as contextual fear conditioning (Davis et al., 2010; Schulz & Canbeyli, 1999; Sullivan et al.,
2004; Waddell et al., 2006), but not for conditioning of discrete cues, for which the CeA is
necessary (Zimmerman & Maren, 2011). The BNST is also important for corticotropin-
releasing factor- and light-potentiated startle (Lee & Davis, 1997; Walker & Davis, 1997), as
well as stress-induced reinstatement of drug seeking (Erb & Stewart, 1999) and
reinstatement of conditioned cued fear behavior (Goode et al., 2015; Waddell et al., 2006,
2008).

More recently, studies have suggested a more nuanced role for the BNST in conditioning,
with evidence suggesting that the BNST may be particularly involved in learning about
conditioned stimuli that are less predictive of unconditioned stimuli (Goode, Ressler, Acca,
Miles, & Maren, 2019; Goode, Acca, & Maren, 2019; Hammack, Todd, Kocho-
Schellenberg, & Bouton, 2015). For example, with typical parameters in the case of
unsignaled contextual conditioning, although the context predicts the shock, the temporal
precision with which a long duration context predicts shock is much less than that of a short
duration discrete CS. In the case of post-extinction reconditioning, a CS has a history of
being associated with a US and also with nonreinforcement, which establishes a CS as
having an ambiguous relation with the US (see also Bouton, 2002). Thus, one might expect
that the BNST would regulate post-extinction reconditioning.

Experiment 1: Effects of BNST inactivation on rapid reconditioning after
extinction

Methods

Subjects.—Sixty-four experimentally naive male Long Evans rats (Charles River
Laboratories, Wilmington, MA) were purchased at 275-300 g (about 8 weeks of age) and
were allowed to acclimate to the vivarium for one week. During acclimation, rats were
housed two per cage. Rats were kept on a reverse light-dark schedule (lights off at 06:00 and
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lights on at 18:00) in a colony space that had constant temperature (22°C £ 1°C) and
humidity (70%). Food and water were available ad libitum and all behavioral experiments
occurred during the dark phase, between 09:00 and 15:00. The colony space was located
within a suite that also included an anteroom where microinjections occurred and three
procedure rooms for behavioral experiments. All experimental procedures were approved by
the Oregon Health & Science University Institutional Animal Use and Care Committee and
were conducted in accordance with National Institutes of Health (NIH) “Principles of
Laboratory Animal Care” (NIH Publication No. 86-23, revised 1985).

Apparatus.—Fear conditioning occurred in conditioning chambers (exterior dimensions:
31.8 cm L x 25.4 cm Wx 26.7 cm H) housed within sound-attenuating chambers (Med
Associates). The operant chambers were fixed with a grid floor set to deliver a 1 sec, 0.75
mA scrambled shock and a house light that illuminated to signal the start of the session.
Before and after each round of behavior, the grid floors and chamber walls were cleaned
with 95% ethanol. Animals were loaded into chambers in red light conditions to maintain
the dark circadian cycle.

Intracranial Cannula Placement Surgeries.—Rats received intracranial surgery for
placement of guide cannulas (C315GS-5/SPC, 26 gauge, 17 mm, Plastics One, Roanoke,
VA) and dummies (C315DCS-5/SPC, 30 gauge, 17.5 mm, Plastics One) above the BNST.
Rats were given an intramuscular injection of ketamine/xylazine (85 mg/kg; 10 mg/kg) for
initial anesthesia and then were maintained under vaporized isoflurane (1%) for the
remainder of the surgery. Following anesthesia, rats’ heads were shaved and then they were
placed in a stereotaxis (David Kopf Instruments). Guide cannula were lowered at a 25° angle
to prevent injector placement within the lateral ventricles and were implanted 1 mm dorsal
to the BNST with the following coordinates: 0.0 mm AP, +4.20 mm ML, and -7.10 mm DV
relative to bregma. Guide cannulas were secured with stainless steel screws and acrylic
dental cement (Orthojet). The stainless steel dummies were then placed in the guide
cannulas to prevent cannula blockage and infection. Prior to lifting anesthesia, rats were
given a subcutaneous injection of Carprofen (5mg/kg; 5mg/ml; Putney) and antibiotic
ointment (Neosporin) was applied to the sutures. These treatments were repeated for 3 days
following surgery and animals were given 7 days to recover prior to behavior. Two animals
were lost during surgery and 12 animals were removed from the main analysis due to broken
or clogged guide cannula that prevented bilateral microinjections.

Behavioral Schedule.—All rats were habituated to transport to the anteroom and
handling for three days. Rats in the reconditioning groups received 12-min initial
conditioning sessions with an unsignaled footshock (1 sec, .75 mA) delivered at 2.5 min, 5
min, 9 min, and 11.5 min into the session on Days 1 and 2 (Phase 1). Extinction consisted of
a 24-min non-reinforced exposure to the fear-conditioning context on Days 3-5 (Phase 2).
Rats in the conditioning groups were transported to the ante room and handled instead of
receiving conditioning and extinction (they were not placed in an alternative context because
our previous work found that context exposure weakened initial conditioning with these
parameters; Williams, et al. 2019). All rats then received a 3-min conditioning session with a
single unsignaled footshock delivered 2.5 min into the session on Day 6 (Phase 3). For rats
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in Group Reconditioning (REC), this was a reconditioning session; for rats in Group
Conditioning (CON), this was an initial conditioning session. Immediately prior to the
reconditioning/conditioning session, half of the animals in each group received a
microinjection of a muscimol + baclofen (M+B) cocktail and the other half received saline
(SAL; see below). All rats received a 24-min nonreinforced test session on Day 7 (Phase 4).
All sessions occurred at the same time of day separated by 24 hr.

Drugs.—A mixture of GABAa, muscimol (Sigma-Aldrich), and GABAb, Baclofen
(Sigma-Aldrich), receptor agonists was prepared to inhibit activity within the BNST, which
has both types of receptors for GABA (Margeta-Mitrovic, Mitrovic, Riley, Jan, & Basbaum,
1999; Wisden, Laurie, Monyer, & Seeburg, 1992), the major inhibitory neurotransmitter
system in the brain. A 0.1mM muscimol + 1.0 mM baclofen mixture (M+B) in sterile saline
was used as it has had previous success locally inhibiting neural activity in rodents in similar
procedures (Buffalari & See, 2011; Pina, Young, Ryabinin, & Cunningham, 2015; Rogers,
Ghee, & See, 2008). Sterile saline was used as the control vehicle for animals not receiving
microinjections of M+B.

Microinjections.—Microinjectors were made in-house with 32 gauge stainless steel
tubing (18 mm, Small Parts Inc.) to reach 1 mm past the end of the guide cannula and into
the BNST. Polyethylene tubing (PE-20, Instech) connected the microinjectors to 10 ul
Hamilton glass syringe (Hamilton Company, Reno, NV) on a mircosyringe pump (Fusion
100, Chemyx Inc.). Microinjectors were placed into the BNST of each animal immediately
prior to Phase 3 (reconditioning/conditioning) and .3 ul of M+B or saline was bilaterally
infused at an infusion rate of .3 ul/min. Microinjectors remained in the guide cannula for 1
min following infusion to ensure the entire volume was infused and then rats were placed in
the context for conditioning.

Cannula Placement Confirmation.—Several days following Phase 4, rats were
euthanized with isoflurane until all breathing had stopped and then brains were removed and
placed in 4% PFA in PBS for no more than 24 hr. For cryoprotection, brains were then
placed in a solution of 20% sucrose and .1% sodium azide (NaN3) in PBS until the brain
was fully saturated with sucrose (generally 24 hr). The brains were then transferred to 30%
sucrose and .1% NaN3 in PBS for no more than 1 month before sectioning. The brains were
sectioned at 35 microns and then placed in well plates of PBS and 0.1% NaN3 until mounted
to microscope slides. Placement of the guide cannula and microinjector location was
confirmed on the microscope. Correct BNST placement was considered to be within the
BNST at 0.12 mm to —0.60 mm around bregma. Microinjector placements within the
anterior commissure between the dorsal and ventral BNST were also counted (Goode et al.,
2015). Only animals with correct bilateral placement were included in analyses.

Freezing Assessment.—The level of contextual fear conditioning was assessed by the
amount of freezing, the natural conditioned response upon re-exposure to a cue or context
associated with shock (Fanselow & Bolles, 1979). Rats were run in squads of four and
freezing was hand scored in real-time by visual time sampling of each animal every 8 s,

Behav Neurosci. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williams and Lattal

Results

Page 5

which was the time it took to scan each chamber and record the freezing response. The
scorer was blind to treatment assignments.

Data Analysis.—Statistical analyses consisted of 2 x 2 ANOVAs with Group
(conditioning or reconditioning) and treatment (SAL or M+B) as factors. Additionally,
adjusted effect size was calculated with omega-squared in R and the power to detect effects
was calculated with G*Power (Faul, Erdfelder, Lang, & Buchner, 2007) for the freezing
results in the Phase 4 test. Experiments were conducted in multiple replications with each
factor level represented (Experiment 1 had 3 replications; Experiment 2 had two
replications). Groups were collapsed across replications because there were no main effects
of or interactions with replication before or after reconditioning (pre-reconditioning: A )
=2.02, p=.170; post-reconditioning: 1 gy = .48, p=.508).

Figure 1A shows a representative coronal section of guide cannula and microinjector
placement in the BNST. Figure 1B shows representation of injector cannula tip placements.
23 injectors terminated in the anterior dorsal BNST, 4 injectors terminated in the anterior
ventral BNST, 3 terminated in the posterior dorsal BNST, and 6 terminated in the anterior
commissure. These placements resulted in the following groups: REC M+B, n = 8; REC
SAL,n=12; COND M+B, n=7; COND SAL, n = 9. Unilateral misses (n = 9) and bilateral
misses (n = 5) were removed from primary analyses.

Conditioning

Extinction

An overview of the experimental design of Experiment 1 is shown in Figure 2A. Two
conditioning sessions led to a significant increase in conditioned freezing behavior in REC
groups. A RMANOVA comparing the within-subject effect of Acquisition Session and
between-subject effect of future BNST Treatment revealed a significant effect of Acquisition
Session (A1, 16) = 27.26, p<.001; session one: M = 46.95, SEM = 2.58, session two: M =
65.97, SEM = 4.04), but no effect of Treatment (A, 16) = .01, p=.910; M+B: M = 56.36,
SEM =3.83, SAL: M = 56.52, SEM = 4.00) or an interaction (1, 16) = .01, p=.931). These
results showed that conditioning led to a successful acquisition of conditioned freezing in
groups balanced for future BNST treatment.

Extinction reduced conditioned freezing in both REC groups prior to reconditioning (Figure
2B). A RMANOVA investigating the effect of repeated Extinction Sessions and future
BNST Treatment on freezing behavior revealed a significant within-subject effect of
Extinction Session (A2, 32) = 89.19, p<.001), but no effect of future Treatment (1, 16)

= .43, p=.522) or an interaction (A, 32) = .52, p=.602). The significant effect of
Extinction Session was caused by significantly more freezing in E1 relative to E2 (g (32) =
9.29, p<.001) and E3 (¢ (32) = 15.56, p<.001) and E2 relative to E3 (¢ (32) = 6.26, p
<.001), showing that three Extinction Sessions were necessary to lower freezing behavior
prior to reconditioning. This result also suggested that groups had equivalent behavior prior
to BNST manipulations.
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Reconditioning

Test

A reconditioning shock led to immediate rapid reacquisition of contextual fear that was not
altered by BNST inactivation prior to Phase 3 (Figure 2C). A three-way RMANOVA
comparing percent time spent freezing in the 30 sec before and after shock by each Group
and Treatment (Time X Group X Treatment) found a significant main effect of Group

(Fa, 20) = 27.98, p<.001), driven by REC freezing more than COND. There was also a
significant within-subjects effect of Time (~1, 29) = 71.77, p < .001) that was due to more
freezing after shock relative to before. There was no reliable main effect of Treatment

(Fa, 20) = 2.98, p=.095), but there was a significant Group X Time interaction (Fy, 29) =
24.28, p<.001), caused by REC freezing more than COND after shock (g (29) = 16.78, p
<.001), but not before (g (29) = .07, p=.983). These results suggest that rapid reacquisition
occurred immediately following a reconditioning shock regardless of BNST treatment,
which indicated that activity within the BNST was not involved in the reacquisition of fear
during reconditioning.

Temporary inactivation of the BNST with M+B during reconditioning impaired retention of
the rapid reacquisition effect 24 hr later in the test (Figure 2D). A two-way ANOVA found a
significant main effect of Group (A, 32) = 15.15, p<.001) that was due to greater freezing
shown by REC compared to COND. The ANOVA also revealed a significant main effect of
Treatment (Fy, 32) = 5.08, p<.05), which was caused by M+B group freezing less relative
to SAL treatment. There was not a significant interaction of Group X Treatment (A, 32) =
2.82, p=.102), however, a t-test comparing the impact of the two treatments on REC groups
revealed a significant impairment of M+B on retention of reacquisition freezing relative to
SAL (f21) = 2.82, p< .05). A t-test comparing COND groups did not find a significant effect
of Treatment (f16) = .60, p=.555). These results suggest that activity within the BNST
during a reacquisition trial is needed for retention of the reacquisition memory 24 hr later.
However, there was no effect of BNST inactivation during that conditioning procedure in
rats that experienced it as their initial conditioning experience. Because this weak
conditioning episode resulted in low freezing in control animals, it is unclear if the absence
of an effect of BNST inactivation was due to an absence of a requirement for the BNST in
acquisition or due to a floor effect. In Experiment 2, we increased the strength of initial
conditioning to address this issue.

Experiment 2: Effects of BNST inactivation on stronger initial conditioning

Methods

In the previous experiment, BNST inactivation with M+B did not impair initial acquisition
of contextual fear, as has been previously found (Sullivan et al., 2004; Waddell et al., 2006;
Zimmerman & Maren, 2011). In this experiment, we assessed the role of the BNST in
acquisition of contextual fear by temporarily inactivating the BNST prior to stronger
conditioning parameters that should increase freezing levels.

40 Long-Evans male rats underwent surgery as described in Experiment 1 to place a guide
cannula 1 mm above the BNST. Surgeries and injection in Experiment 2 were identical to
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procedures from Experiment 1. Fear conditioning consisted of a single 12-min context
exposure with 4 unsignaled shocks on Day 1, as in Day 1 of Experiment 1. Prior to
conditioning, rats received an intra-BNST injection of M+B or SAL. On Day 2, animals
were exposed to the context for 24 min without shock to test their memory of the context
and as an initial extinction session (Test1/Extinction Session 1 or T1/E1). Days 3 through 4
were repeated tests, which act as extinction sessions (T2/E2 and T3/E3). The following day,
reconditioning (3 min context exposure with 1 shock) occurred (Day 5). Day 6 was a post-
reconditioning test, which was identical to treatments on Days 2-4. All sessions were
separated by 24 hrs.

As in Experiment 1, there was no effect of replication, so replications were combined in the
analysis (A, 24) = .58, p = .454). Two animals died during surgery and 6 animals were
removed from the main analysis due to broken or clogged guide cannula that prevented
bilateral microinjections.

Cannula Placements

Figure 3 shows microinjector placement in the BNST. For this experiment, 23 injectors
terminated in the anterior dorsal BNST, 2 terminated in the posterior dorsal BNST, and 1
terminated in the anterior commissure. The cannulae placements resulted in the following
group numbers: M+B, n=14; SAL, n = 12. Unilateral misses (n = 3) and bilateral misses (n
= 3) were removed from primary analyses.

Conditioning

Test 1

Extinction

An overview of the design of Experiment 2 is shown in Figure 4A. Inactivation of the BNST
caused an enhancement of freezing during initial strong acquisition (Figure 4B). A t-test
comparing the percent freezing across Treatment found significantly greater freezing in M
+B compared to SAL (4p4) = 2.52, p < .05). This effect emerged over the course of the
acquisition session, with no group difference in the first 3 min (424) < 1.0, p = .40). This
result suggests that pre-treating the BNST with M+B might enhance short-term conditioned
freezing following shock presentations.

M+B treatment before conditioning caused a marked reduction in expression of freezing
during Test 1 24 hr later (Figure 4C; {24y = 2.97, p < .01), which indicated that activity in the
BNST was involved in initial acquisition of a strong memory.

Over the course of three test sessions, conditioned responding in both treatments
extinguished (Figure 4D). A RMANOVA showed a significant main effect of Treatment
(Fa, 18) = 4.73, p<.05), Extinction Session (£, 36) = 22.21, p < .001), and Treatment X
Extinction Session interaction (F, 36) = 4.22, p < .05). The significant main effect of
Treatment was caused by SAL freezing more than M+B (Figure 4D). More freezing in E1
relative to E2 (g (36) = 16.29, p<.001) and E3 (¢ (32) = 16.73, p<.001) caused the
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significant within-subjects effect of Extinction Session. The interaction was due to SAL
freezing more than M+B in E1 (g (32) = 15.97, p<.001), but not in E2 (¢ (32) = .09, p
=.985) or E3 (9 (32) = .00, p= 1.0). This interaction showed that inactivation the BNST
during acquisition caused a significant impairment in freezing that dissipated after one
extinction session (i.e., after Test 1).

Reconditioning and Post-Reconditioning Test

Reconditioning did not lead to differences in reacquisition of freezing as a function of
previous treatment (data not shown). A two-way RMANOVA comparing percent time spent
freezing in the 30 sec before and after shock found a significant within-subjects effect of
Time (A, 18) = 32.31, p<.001), driven by significantly more freezing after (M = 40.38,
SEM = 6.06) shock compared to before (M = .00, SEM = .00). However, there was no effect
of past Treatment (F(y, 1g) = 1.19, p=.290; M+B: M = 15.18, SEM = 4.70, SAL: M = 26.04,
SEM = 6.97) or an interaction effect (/1 1) = 1.19, p=.290) on freezing, suggesting that
post-shock reacquisition was independent of past BNST inactivation and differences in
conditioning.

Additionally, a t-test comparing the expression of reacquisition in a test 24 hr later did not
show an effect of previous Treatment on reacquisition freezing (424) = .07, p=.941), which
again suggested that reacquisition was unaffected by the prior impairment of initial
acquisition due to an inactive BNST (Figure 4E).

General Discussion

Inactivating the BNST with GABA receptor agonists prior to reconditioning prevented
retention of rapid reacquisition of contextual fear. Although there was no effect on initial
conditioning with a brief context-shock pairing, BNST inactivation impaired stronger initial
conditioning. These results confirm the identified role of the BNST in contextual fear
conditioning and they extend it to post-extinction reconditioning.

Rapid reconditioning involves a large, rapidly acquired sustained fear response that is a
disproportionate (relative to initial conditioning) to the conditioning events (a brief context-
shock pairing). In this sense, our findings are consistent with ideas that the BNST is
involved in sustained fear responses (Sullivan et al., 2004; Waddell et al.,2006) and fear
conditioning of long-duration cues (Hammack, et al. 2015; Walker & Davis, 1997; Walker,
Miles, & Davis, 2009). Our findings also are consistent with the idea that the BNST is
involved in learning in ambiguous situations that is based on findings showing a BNST
requirement for conditioning in situations in which the CS is not a reliable predictor of the
US (Goode, et al. 2019a). In the case of post-extinction reconditioning, a CS has a history of
reinforcement and nonreinforcement, leading to some level of ambiguity during each
presentation.

This ambiguity idea is also consistent with our findings in Experiment 2 that inactivating the
BNST impaired initial acquisition of contextual fear with a long session and temporally
unpredictable shock. We have previously found that the adBNST is engaged by weak
contextual fear using an immediate early gene readout (Williams, et al. 2019), but we saw no
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reliable effect on conditioning in Experiment 1 with a brief context exposure paired with a
single US. In some ways, this finding is similar to that reported by Hammack et al. (2015),
who found that conditioning induced by a single shock after a brief (1 min), but not long (10
min) context exposure, was unaffected by BNST lesions. More recently, Goode, et al.
(2019b) isolated a critical role for the BNST in this effect to expression of fear after
conditioning with a longer context-shock interval. Because freezing was so low in our
control animals, it is difficult to know how much to make of the absence of an effect of
BNST inactivation on initial conditioning in Experiment 1.

We targeted our injections to the anterior dorsal region of the BNST. The BNST is an
heterogeneous brain region, comprised of at least 18 subregions (Ju & Swanson, 1989; Ju,
Swanson, & Simerly, 1989), some of which have been proposed to have opposing roles in
anxiety; the oval nucleus within the adBNST is thought to be anxiogenic, but the remainder
of adBNST has shown anxiolytic properties (Sung-Yon Kim et al., 2013). Further, our
pharmacological studies targeted all of the BNST, dorsal and ventral, and our previous
significant c-Fos results were found only in the dorsal BNST. Thus, inactivating the whole
BNST could cause opposing processes that resulted in no effect on milder contextual fear
manipulations.

We also found that during conditioning or reconditioning, inactivation of the BNST led to
increased short-term post-shock freezing behavior relative to controls, but that this effect
reversed during the test the next day. This short-term effect was not due to a general increase
in freezing — the increase did not emerge until after the shock, suggesting that having the
BNST inactivated caused an exaggerated fear response. A similar result was reported by
Meloni, Jackson, Gerety, Cohen, & Carlezon (2006), who found that delivery of muscimol
to the BNST led to increased acoustic startle in the presence of a light previously paired with
shock (fear potentiated startle). This exaggerated response may have contributed to the
weakened freezing response observed during the retention test the next day, possibly because
the high fear reflected an overexpected shock value, leading to an enhancement of extinction
during the post-shock period, or in the case of Experiment 2, an overexpectation effect with
the additional shocks in the strong conditioning protocol (Kremer, 1978). It is worth noting
that other studies have not observed short-term increases in freezing or startle (Lee & Davis,
1997; Walker & Davis, 1997), so more work is needed to determine the conditions that lead
to these post-shock effects.

Although it is difficult to compare between experiments, it is notable that the post-extinction
reconditioning effect that we saw in Experiment 1 was large, but the effect that we saw in
Experiment 2 was relatively small. In Experiment 1, and in our previous work with rats
(Williams, et al. 2019), we used a strong acquisition protocol that consisted of two days of
conditioning. In Experiment 2, because our goal was to evaluate BNST involvement in a
single session of conditioning, we only used one day of conditioning. Overall levels of
freezing were lower and extinction occurred more quickly in Experiment 2. Thus, it is
possible that this extra extinction weakened the reconditioning effect which occurs under
some conditions (Bersh & Keltz, 1971;Williams & Lattal, 2019), but we have previously
found that with similar parameters to those used here, reconditioning in rats is unaffected by
the amount of extinction (Williams, et al. 2019). Instead, it may be that the reconditioning is
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more likely following multiple acquisition sessions, which may result in the animal
expecting that any session with a shock will be followed the next day by another session
with a shock, causing an increased freezing response on the post-reconditioning test (Ricker
& Bouton, 1996).

There are many unanswered questions about the behavioral and neurobiological mechanisms
involved in reconditioning. We found that the BNST is involved in reconditioning, which is
consistent with studies that have found a role for the BNST in post-extinction unmasking
procedures, such as reinstatement of fear conditioning (Goode et al., 2015; Waddell et al.,
2006, 2008) and stress-induced reinstatement of drug-seeking behavior (Erb & Stewart,
1999). Because there are other demonstrations that the BNST is not important for other post-
extinction processes, such as contextual renewal (Goode et al. 2015), understanding how the
BNST regulates different aspects of extinction and post-extinction behavioral processes will
be important for painting a clear picture of the neurobiology of extinction.
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Figure 1. Cannula Placementswithin the BNST for Experiment 1.
(A) displays a representative coronal slice of the BNST with cannula tracks ending above the

BNST to allow microinjectors to infuse M+B or SAL. (B) Schematic of all the microinjector
placements within the BNST for Experiment 1 across bregma coordinates 0.12 to —0.60. The
filled circles represent REC and empty circles represent COND groups. Red circles
represent M+B BNST treatment and blue circles represent saline treatment.
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Figure 2. Inactivation of the BNST Prevents Expression of Rapid Reacquisition of Contextual
Fear, but Not Mild Acquisition in Experiment 1.

(A) Overall design of Experiment 1. The times listed represent the total time of exposure to
the context for a given session. A plus sign indicates a single .75 mA shock and a minus sign
indicates exposure to the context without shock. (B) Extinction curve of REC SAL and REC
M+B as shown by the average percent freezing for each session; E = extinction session (C)
Mean percent freezing in the 30 sec pre and post shock on Day 6 during reconditioning.
Rapid reacquisition of freezing relative to initial acquisition occurs in both REC groups. (D)
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Mean percent freezing during the Test on Day 7, where expression rapid reacquisition, but
not weak acquisition was blocked by BNST inactivation during Day 6. Significance between
groups is represented by *** p<.001; ** p<.01; * p<.05. REC SAL, n = 12; REC M+B,
n=8; COND SAL, n=9; COND M+B, n = 7. Error bars represent standard error of the
mean.
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Figure 3. Cannula Placementswithin the BNST for Experiment 2.
This figure is a schematic of all the microinjector placements within the BNST for

Experiment 2 across bregma coordinates 0.12 to —0.24. Red circles represent M+B BNST
treatment and blue circles represent saline treatment.
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Figure 4. Inactivation of the BNST Prevents Strong Acquisition.
(A) Overall design of Experiment 2. The times listed represent the total time of exposure to

the context for a given session. A plus sign indicates a single .75 mA shock and a minus sign
indicates exposure to the context without shock. (B) Mean percent freezing during
acquisition of strong conditioning with an active or inactive BNST. An inactive BNST
enhanced freezing. (C) Mean percent freezing during the expression of acquisition in the test
on Day 2, where retention of acquisition was impaired by an inactive BNST during
conditioning (D) Extinction curve on Days 2 through 4 as shown by a line graph of both
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groups’ decreasing average percent time freezing. (E) Mean percent freezing during the test
of reacquisition on Day 6 that was unaffected by initial acquisition differences. Significance
between groups is represented by *** p< .001; ** p<.01; * p<.05. COND SAL,n=12;
COND M+B, n = 14. Error bars represent standard error of the mean.
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